Abstract The distribution of magnetic field in Hall thruster channel has significant effect on its discharge process and wall plasma sheath characteristics. By creating physical models for the wall sheath region and adopting two-dimensional particle in cell simulation method, this work aims to investigate the effects of magnitude and direction of magnetic field and ion velocity on the plasma sheath characteristics. The simulation results show that magnetic field magnitudes have small impact on the sheath potential and the secondary electron emission coefficient, magnetic azimuth between the magnetic field direction and the channel radial direction is proportional to the absolute value of the sheath potential, but inversely proportional to the secondary electron emission coefficient. With the increase of the ion incident velocity, secondary electron emission coefficient is enhanced, however, electron density number, sheath potential and radial electric field are decreased. When the boundary condition is determined, with an increase of the simulation area radial scale, the sheath potential oscillation is aggravated, and the stability of the sheath is reduced.
Introduction
The stationary plasma thruster (SPT) is an advanced electromagnetic plasma accelerator [1, 2] . With a series of advantages like reliable operation, high specific and efficiency [3−5] , it has been widely used in the field of spacecraft propulsion. Fig. 1 shows the working principle of the SPT: it is a plasma source with hollow coaxial E × B field structure (where, E and B are axial electric and radial magnetic fields). The magnetic field is produced by the internal and the external coils inside the channel. In the orthogonal electromagnetic field, when electrons emitted from the cathode enter the discharge channel, they are fettered by the magnetic field and take drift motion along the circumferential direction, then collide with the injected propellant atom and ionize them. Under the action of axial electric field, ions are accelerated, and in the process of their acceleration the reactive thrust is produced. In the discharge channel, between plasma and insulated wall a so-called sheath is formed where space charges of ions and electrons are not equal. The ions and high energy electrons in the sheath bombard the wall, which causes secondary electron emission phenomenon [6−9] and has a significant impact on the SPT channel discharge characteristics [10] , including efficiency, specific impulse, service life and other performance indexes. According to the discharge characteristics of SPT channel and physical process in the sheath, a onedimensional model was set up by Lentz of MIT, and distribution of the channel parameters was obtained by simulation; meanwhile, they predicted the performance of the thruster [11] . Using methods based on electron kinetic theory, A. I. Morozov and V. V. Savel'ev established a one-dimensional dynamic model with the secondary electron emission taken into consideration. Numerical results show that when the emission coefficient approaches to 1, the sheath potential would oscillate [12, 13] . Scientists from Harbin Institute of Technology studied the effect of electron temperature anisotropy on SPT sheath characteristic and nearwall electronic flow by a one-dimensional fluid sheath model [14] . We also established a fluid model and analyzed the influence rules of secondary electron emission coefficient and other factors on the plasma sheath characteristics [15, 16] . Because the velocity distribution of the electrons in the SPT is non-Maxwellian one, using fluid simulation it is impossible to obtain micro information of single particle [17] , though it is possible to get macro parameters. Besides, the simulation of the sheath region also brings in large error. Therefore, it is necessary to use particle simulation method and simulate directly electron microscopic movement [18, 19] . In this paper, we adopt the two-dimensional particle simulation method, get the particle distribution function by statistics, and then keep track of the electron movement in the region of sheath, and finally obtain the grid node distribution of electric potential and electric field by solving Poisson equation and equation of motion. We studied the influence of the magnitude and orientation of magnetic field, the ion incident speed on sheath characteristics, as well as the effect of secondary electron emission. The effect of radial simulation area scale on the sheath stability is also discussed.
Physical model and boundary conditions 2.1 Physical model
In the Hall thruster annular discharge channel, as the induced magnetic field generated by currents in the self-consistent plasma is much smaller than the external magnetic field generated by the coil, so it can be ignored. Using sheath static model, Maxwell equations are:
where, E is electric field vector, B is the magnetic filed vector, ε 0 and µ 0 are respectively the permittivity and the permeability of vacuum, ρ is electric charge density, c is the speed of light in vacuum. The gradient of electric potential φ is electric field, so:
Substitute Eq. (2) into Eq. (1), then the Poisson equation is:
In the sheath static model, the grid potential is obtained by solving Poisson equation of the mesh density, which can reduce the computation time [20] . Simulation area is shown in Fig. 2 , λ D is Debye length, and σ is surface charge density. θ is the angle between the magnetic filed and the channel radial direction r, B z and B r are the axial and the radial components of magnetic field, respectively.
Fig.2 Simulation region and boundary conditions
In the case of cylindrical coordinate system with axial coordinate z and radical coordinate r, the twodimensional Poisson equation can be written as:
where, φ is electric potential, n e and n i are the electron and ion density numbers, e is unit charge. Parallel to the direction of z and r, respectively, the grid is framed at an equal space, with i and j denoting the z and the r directions of the mesh count. Central difference instead of a differential method is adopted to solve Eq. (4):
The following simplification is made:
For a single particle motion, equations of motion under the action of electromagnetic field are
where, m is the mass of charged particles, v is velocity vector and x is radius vector, t is time, q is an electron charge. In the program, Boris algorithm with the second-order accuracy is used, which is fast and simple. It was shown in Ref. [19] that when ω ce ∆t < 0.35, Boris algorithm error is less than 1, where ω ce is the electron cyclotron frequency. The scheme for solving is as follows: 
Boundary conditions
The axial and radial directions of the simulation region ( Fig. 2) are z = 30λ D and r = 10λ D , respectively. Grid in space is divided evenly, grid size in space is ∆z = ∆r = 0.5λ D , time step is ∆t = 0.1ω
p , ω p is plasma frequency. The parameters adopted in the simulation are: electron density n e = 10 18 m −3 , electron temperature T e = 18 eV, magnetic field intensity B = 0.02 T (1 T = 10 4 G). According to formula r c = mv ⊥ /|qB|, where v ⊥ is the velocity component perpendicular to the magnetic field, the Larmor radius of electron (r c ≈ 0.5 mm) is larger than the radial length of simulation area (r ≈ 0.3 mm), therefore, the electrons are non-magnetized in the simulation area. Ion mass is much greater than that of electron and its response rate is much smaller than that of the electron. Therefore, in the simulation region, it is assumed that the ion density and response rate remain unchanged relative to the electrons, and ions, as background particles, enter calculation area with Bohm speed C s . In this paper, it is assumed that quasi-neutral conditions are satisfied at the sheath boundary. At each time step, electrons are distributed randomly in the quasi-neutral region (r = r 0 -3λ D ), the electrons speed obeys Maxwell distribution [21] . When the particles pass through the vacuum boundary, they are considered as vanished, then the corresponding particle will be deleted in the program. In the simulation periodic boundary conditions are used at both the left and the right ends. The electrons in the simulation area will collide with the wall, resulting in four situations: accumulation on the wall with probability W 0 (ε), inelastic reflection with probability W r (ε), ejecting one electron with probability W 1 (ε), ejecting two electrons with probability W 2 (ε). Using the method of statistics to establish the model of secondary electron emission [22] , the above-mentioned probabilities were determined as follows:
where, ε is electron energy. For insulating wall boundary, there is an energy loss on the wall when the electrons cause secondary electrons or inelastic reflection. The emitted electron energy obeys Maxwell distribution.
For electric potential the following boundary conditions were used:
• at sheath boundary ϕ = 0;
• at left and right boundaries of the simulation area ∂ϕ/∂z = 0;
• at insulated wall boundary, boundary condition is given as E = −σ/ε 0 .
As a result of using the particle cloud model, even if the plasma parameters of the simulation system are much smaller than the plasma parameters of the physical system, collision frequency can still be very small. Therefore, the collision-free conditions could be used, and we can consider that electrons collide with the wall only when neglect the other collisions effect in the simulation is neglected [23] .
3 Results and analysis
Effect of magnetic field direction on the sheath characteristics
Figs. 3 and 4 depict respectively the relation between the direction of the magnetic field and the sheath potential, and the relation between the direction of the magnetic field and the secondary electron emission coefficient. These figures show that the influences of the azimuth angle θ on the sheath potential and secondary electron emission coefficient are small (variation is of the order of 10 −3 ). The reason is that the electron Larmor radius (r c ≈ 0.5 mm) is larger than the radial width of the simulation region (see Fig. 2, r ≈ 0.3 mm) . Therefore, electron cyclotron movement can be ignored in the simulation, and the electron trajectory is almost independent of the direction of the magnetic field. Fig. 5 shows the relation between the sheath potential and the direction of magnetic filed at B = 0.04 T. It can be seen that azimuth of magnetic field has small effect on the sheath potential (the sheath variation is of the order of 10 −3 ). Although the electron Larmor radius (r c ≈ 0.25 mm) is smaller than the radial width of the simulation region (r ≈ 0.3 mm), the cyclotron motion of the electron has still a larger diameter than the radial width of the simulation region. Therefore, the electron cyclotron movement has a small effect in the simulation, so it can be seen that the magnetic field di-rection has small impact on the electron motion within the sheath. Fig.3 Relation between magnetic field direction and sheath potential (B=0.02 T) Fig.4 Relation between magnetic field direction and secondary electron emission coefficient (B=0.02 T) Fig. 5(b) is the enlarged view of Fig. 5(a) in the radial direction at 7λ D -8λ D . From Fig. 5(b) and Fig. 6 , we can see that with the increase of the magnetic field azimuth angle, the sheath potential in absolute terms is increased, and the secondary electron emission coefficient of wall surface is reduced, but it is changed by small amount. In the simulation region, it is assumed that ions are background particles and distributed uniformly, when the azimuth angle of the magnetic field is increased, the magnetic field axial component B z and the constraints of magnetic field on the electrons are aggrandized, the number of electrons which enter into the sheath area from the plasma region is decreased, which makes less electrons reach the wall and increases the difference between ion and electron densities. Ultimately, the absolute value of sheath potential is increased and the secondary electron emission coefficient is reduced. 
Effect of magnetic field strength on the sheath characteristics
Figs. 7 and 8 show respectively the relation between the magnetic field strength and the sheath potential, and the relation between the magnetic field strength and the secondary electron emission coefficient. From these figures we get to know that magnetic strength has small effect on the sheath potential (variation is of the order of 10 −3 ). This is because it is assumed that the magnetic field direction is along the radial direction, which leads to little constraints on electrons. Fig.7 Relation between magnetic field strength and sheath potential Fig.8 Relation between magnetic field strength and secondary electron emission coefficient
Effect of ion incident velocity on the sheath characteristics
Figs. 9 and 10 depict the influences of the ions incident velocity on sheath potential and electron number density. It can be seen from these figure that the electron number density in the sheath and the sheath potential drop are decreased with increasing ion incident velocity. This is because when the ions are incident with a large speed, the number of positive charged ions flowing to the wall surface in a time unit is increased, when the ions move to the wall surface they will interact with the negative charge to cause recombination. The more the ions coming onto the wall, the more the negative charge being neutralized, which will reduce the quantity of the wall surface negative charge and sheath potential drop. A large number of slow electrons in the channel pass through the sheath barrier and hit the wall, reducing the velocity of secondary electrons which leave the wall and then flow back to the sheath boundary. With an increase of the ion incident velocity, the variation of electron number density and the sheath potential drop are reduced. Fig.9 The influence of ion incident velocity on electron density Fig.10 The influence of ion incident velocity on sheath potential Fig. 11 shows the impact of the ion incident velocity on the secondary electron emission coefficient. As seen in Fig. 11 , with an increase of the ion incident velocity, the secondary electron emission coefficient is increased (variation is of the order of 10 −3 ). This is because when the ion incident velocity is larger, in the case of constant density, the ion flux flowing to the wall surface is larger, resulting in a smaller amount of negative charge at the wall surface. Therefore, the sheath potential drop becomes smaller, and thus more slow electrons can cross over the sheath potential barrier and reach the wall. Thus, with increase of the ion incidence velocity, the electron collision flux, the electron collision frequency with the wall and the probability of secondary electron are increased. However, the secondary emission is mainly affected by the electron temperature and the wall surface properties. So, there is a small effect on secondary electron emission coefficient, the variation is of the order of 10 −3 . Fig. 12 indicates that the ion incident velocity affects the radial component of electric field. It could be seen from Fig. 12 that with the increase of ion incidence velocity, the variation of radial electric field is reduced, which is of the order of 10 −3 . This is because more negative charges are deposited on the wall surface when the ion is incident from the boundary of the sheath with a small velocity. Thus the potential drop from the boundary of sheath to the wall surface direction is large, so the radial component of the electrical potential gradient is increased. Fig.11 The influence of ion incident velocity on secondary electron emission coefficient Fig.12 The influence of ion incident velocity on radial component of electric field 3.4 Influence of simulated domain size on stability of sheath Fig. 13 indicates that in the case of unchanged boundary conditions, the simulated domain radial dimension influences the effect of electric potential. Fig. 13(a) -(c) correspond to radial length of 10, 15, 25 times of Debye length, respectively. Fig. 13 shows that with the increase of radial scale of simulation area, surface potential oscillates with time. When the radial scale is 25 Debye lengths, the calculation results are diverged, and the wall surface potential in the program can not achieve a stable value in the end. This is because the boundary conditions of the electric potential are provided by E = −σ/ε 0 at the insulation wall boundary, which is determined by the electric field at the boundary; there are several errors in the program in calculating the electric field and the potential. When the simulation area scale is increased, the calculation errors are increased. So when the radial scale is larger in simulation, the area calculation stability is poorer. According to physical processes and discharge characteristics of the interaction between plasma and sheath in the Hall thruster channel, the characteristics of magnetic field strength and direction, ion incident velocity and the sheath structure and secondary electron emission were studied using two-dimensional particle simulation method; and the effect of simulation domain radial size on the sheath stability was discussed. The numerical results show that the impact of the magnetic field magnitude and direction on the sheath potential and secondary electron emission coefficient is small in the case of large electron cyclotron radius. When the ion incident velocity is large, the sheath potential drop is low, many slow electrons can cross over the potential barrier to reach the wall, which will make the wall secondary electron emission coefficient increase. Because the electron number density is small, the variation of the secondary electron emission coefficient is small, i.e., the variation is of the order of 10 −3 . With an increase of ion incident velocity, the number of the positive charge reaching the wall increases, which reduces the negative charged electron density, the sheath potential drop and the variation of the radial electric field. When the boundary conditions remain unchanged, increasing the radial size of the simulation area will aggravate the potential oscillations and make the calculation results diverge, and thus the choice of appropriate simulation area and optimized calculation model can achieve more accurate results.
